 0.99 ± 0.07 before administration, 0.52 ± 0.06 (P<0.01) during administration, and 0.76 ± 0.07 (P<0.05) 
Introduction
The characteristics of the h current (Ih) have been studied extensively. Ih is a voltage-gated non-selective cationic conductance activated by membrane hyperpolarization, and it is blocked by both CsCl and 4-ethylphenylamino-1,2-dimethyl-6-methylaminopyrimidinium chloride (ZD7288) [3, 28] . Ih channels are found on cardiac myocytes and in the central nervous system [13, 25-27, 30, 42] . Ih channels are encoded by the hyperpolarization-activated cyclic nucleotide-gated channel (HCN) genes, of which 4 subtypes have been identified. HCN1 and HCN2 are most prevalent in the cortex and hippocampus, HCN2 and HCN4 predominate in the thalamus, and HCN3 is expressed at low levels throughout the brain [29, 37, 38] .
Ih channels play important roles in regulating neuronal excitability, and have recently been shown to be altered by seizures [5, 6, 33, 34, 41, 43] . Unlike other channels implicated in epilepsy, which either excite or inhibit normal neurons, the unique biphasic aspects of Ih cause it to be involved in both increased and decreased excitability of neurons. The role of Ih in epilepsy remains controversial. The finding that antiepileptic drugs upregulate Ih suggests that Ih exerts a fundamentally anticonvulsant effect [33, 41] . In a recent study using genetically modified mice in which HCN2 was deleted, the mice had spontaneous absence seizures, suggesting that a lack of HCN2 has a strongly proconvulsive effect [24] . However, in other studies, blockade of Ih channels with CsCl or ZD7288 raised the afterdischarge threshold in an in vivo model of stimulus-evoked seizures [19] , and blockade of Ih by ZD7288 in vitro did not produce epileptiform discharges [43] .
The Mongolian gerbil was introduced in the 1960s as a novel laboratory animal that exhibited spontaneous seizures in response to a variety of stimuli. In the 1970s, Loskota et al. established non-inbred strains of seizuresensitive and seizure-resistant Mongolian gerbils by selective breeding, and confirmed that the seizure behavior of Mongolian gerbils is epileptic with EEG recordings, in which the spike and wave complexes were clearly visible [22, 23] . Since then, Mongolian gerbils have been widely used as an animal model for epilepsy [4, 17, 21] . Recent studies of the mechanism of seizures in Mongolian gerbils have indicated that the seizures are associated with abnormal synaptic structure [8, 31] , alteration of neuropeptide Y in the hippocampus [14] , a species-specific presence of the calcium-binding protein parvalbumin in the perforant path synapse [39] , and altered drug-metabolizing functions [12] . These findings suggest that the inherited epilepsy of Mongolian gerbils is based on the several levels of plasticity in the hippocampus.
We previously demonstrated that the Ih blockers CsCl and ZD7288 exert potential antiepileptic effects by significantly increasing the threshold of electrically induced paroxysmal discharge in rabbit hippocampus region CA1 [19] . Because there have been no reported studies of the contribution of Ih channels to seizures in Mongolian gerbils, the present study was designed to reveal whether Ih blockers can affect inherited seizures in Mongolian gerbils.
Materials and Methods
We performed all experiments under appropriate conditions in accordance with the Declaration of Helsinki and the Guide for Animal Experimentation at Soka University.
Animals
We used 29 seizure-sensitive adult Mongolian gerbils (male, n=14; female, n=15) purchased from Sankyo-Lab company (Tokyo, Japan). They were housed in plastic cages (W143 × D293 × H148 mm) kept on a stainless steel rack in a clean room where the temperature was maintained at 23 ± 3ºC and the humidity was maintained at 50 ± 5%. A 12-h light cycle commenced at 6:00 a.m. The animals were provided with a commercial diet and water ad libitum. Their age ranged from 6 to 10 months at the beginning of the experiment.
Experimental procedures
Each trial consisted of the following series of 4 test procedures (Fig. 1A) . The first test was stimulation by a novel environment, in which the animal was moved from its home cage to an experimental cage. If the animal exhibited a grade 2 behavioral response, it was returned to its home cage. If not, it underwent the second test, in which the animal was dropped from a height of 50 cm. Again, if the animal exhibited a grade 2 behavioral response, it was returned to its home cage. If not, it underwent the third test, in which the animal was dropped from a height of 50 cm. Again, if the animal exhibited a grade 2 behavioral response, it was returned to its home cage. If not, it underwent the fourth test, in which the animal was gently handled for approximately 1 to 2 min. After the fourth test, the animal was returned to its home cage.
We administered CsCl (Wako, Osaka, Japan) and ZD7288 (TOCRIS, Missouri, USA) which were diluted to 10 mM and 0.1 mM with distilled water to the animals. There was a resting period of 5 to 7 days between the pre-administration period and the administration period, and between the administration period and the postadministration period. The animals were administered water during the pre-and post-administration periods, and were orally administered an Ih blocker solution (approximately 85 ml per day) during the administration period. During each of these 3 experimental periods (which lasted 5 to 6 weeks), each animal underwent 9 test trials, at a rate of once or twice per week. During the resting periods, the animals did not undergo test trials.
Classifi cation of behavioral responses
The behavioral responses of gerbils were recorded on video tape, and were classifi ed into 3 grades according to the following criteria (which were derived from previously reported criteria) [9, 16, 18, 22] (Table 1) : grade 0, no seizure; grade 1, partial seizure; grade 2, generalized seizure. Foot thumping, which is a characteristic behavior of gerbils, was considered non-seizure behavior, because it is reportedly a type of avoidance behavior evoked by unpleasant stimulation [1, 36] . In order to be classifi ed as grade 2 rather than grade 1, a response had to include tonic-clonic seizure involving all limbs or involving body rollover. Loskota's grades 1 to 3 corresponded to the present grade 1, and his grades 4 and 5 corresponded to the present grade 2.
Statistical analyses
Values are expressed as mean ± standard error of mean (SEM). Statistical signifi cance was evaluated using the Mann-Whitney test or the two-tailed Z-test. The former test compared respective average scores, while the latter compared average ratios. The threshold for statistical signifi cance was set at P<0.01 (**) or P<0.05 (*).
Results
We did not observe any obvious side effects or deaths Partial seizure: eye blink, twitching of vibrissae and pinnea, the head bob (Score: 1) and clonic-tonic convulsion of forelimbs. The animal recovers early.
Seizure grade 2 Generalized seizure: rearing, tonic-clonic convulsion of forelimbs and (Score: 2) hindlimbs, mastication, falling, opisthotonus posture and wild running followed by posture in arrest state, jerking straub tail, and bloody salivation.
during the present study. Spontaneous seizures with grade 1 or 2 behaviors were observed, but they were excluded from the analyses. Only the seizure responses that occurred during the trials were analyzed.
Effects of CsCl administration on inherited epilepsy in Mongolian gerbils
All animals (n=10) showed grade 2 behavioral responses during the pre-administration period. Grade 2 behavioral responses occurred in 48.3% of the pre-administration trials (n=87); 14.3% of these responses occurred during test 2 or 3, and the remaining 85.7% occurred during test 4. None of the animals showed grade 2 responses during test 1. Fig. 2A shows average seizure scores of each animal before, during, and after the administration of 10 mM CsCl. The average scores for males (n=5), females (n=5), and all animals (n=10) were 0.95 ± 0.15, 1.22 ± 0.13, and 1.09 ± 0.10 before, 0.79 ± 0.15, 0.84 ± 0.14, and 0.82 ± 0.10 during, and 1.04 ± 0.15, 0.87 ± 0.14, and 0.96 ± 0.10 after administration, respectively (Fig. 2B) . Although the average scores were lower for the administration period than for the other 2 periods, the differences were not statistically signifi cant.
CsCl administration not only increased the overall average ratio of grade 0 responses but also decreased the overall average ratios of grade 1 and grade 2 responses (Fig. 3) . This tendency was particularly marked for the females: their ratio of grade 0 responses increased from 31.1% before administration to 55.6% during administration (P<0.01); their grade 1 ratio and grade 2 ratio decreased from 15.6 and 53.3% to 4.4 (P<0.05) and 40.0% (P=0.1024, not signifi cant), respectively. 
Effects of ZD7288 administration on inherited epilepsy in Mongolian gerbils
All animals (n=19) showed grade 2 behavioral responses during the pre-administration period. Grade 2 behavioral responses occurred in 41.8% of the pre-administration trials (n=165); 22.1% of those responses occurred during test 2 or 3, and the remaining 77.9% occurred during test 4. None of the animals showed grade 2 responses during test 1. Fig. 4A shows average seizure scores of each animal before, during, and after the administration of 0.1 mM ZD7288. The average scores of each behavioral response for males (n=9), females (n=10), and all animals (n=19) were 1.03 ± 0.11, 0.95 ± 0.10, and 0.99 ± 0.07 before, 0.56 ± 0.09, 0.49 ± 0.09, and 0.52 ± 0.06 during, and 0.86 ± 0.10, 0.66 ± 0.10, and 0.76 ± 0.07 after administration, respectively (Fig. 4B) . The average scores were lower for the administration period than for the other 2 periods, and the differences between the pre-administration period and the administration period were statistically signifi cant in all cases (P<0.01 or P<0.05).
ZD7288 administration not only increased the overall average ratio of grade 0 responses but also decreased the overall average ratios of grade 1 and grade 2 responses (Fig. 5) . The ratios of grade 0 responses for males, females and all animals increased from 42.3, 43.7, and 
Discussion
We designed the present study to clarify whether Ih blockers can affect inherited epilepsy in Mongolian gerbils. We found that oral administration of CsCl or ZD7288 to the gerbils decreased not only the frequency but also the severity of their inherited epilepsy. Administration of 0.1 mM ZD7288 was more effective than administration of 10 mM CsCl.
Effects of Ih blockers on the inherited epilepsy in Mongolian gerbils
The Mongolian gerbil exhibits seizures in response to a variety of stimuli, without the neuronal degeneration that would be induced by neurotoxins such as kainate. It is thought that epileptogenesis in the Mongolian gerbil is associated with a wide range of factors including genetic predisposition, cerebrovascular abnormalities and synaptic ultrastructural changes in the hippocampus [7, 32, 35] . The most important aspect of gerbil epilepsy is its association with hippocampal defects, although it is unclear whether the neurophysiological defect underlying gerbil epilepsy is based on morphological plasticity or biochemical changes. Seizuresensitive gerbils have been found to have elevated expression of glutamic acid decarboxylase in the hippocampus and dentate gyrus, suggesting that abnormality of the GABAergic system is involved in these seizures [15] .
There have been no reported studies of the electrophysiological or biochemical characteristics of Ih channels in the gerbil hippocampus. However, studies indicate that HCN1 and HCN2 are most prevalent in the cortex and hippocampus of rats [29] , that Ih channel density is highest in the apical dendritic layer of the rat hippocampus CA1 [42] , and that HCN1 mRNA is expressed at high levels in the mouse hippocampus CA1 region [37] . In a previous study in which the Ih blockers CsCl and ZD7288 were injected into the stratum radiatum or lacunosum-moleculare in the hippocampus CA1, we found that CsCl and ZD7288 increased the threshold of electrically induced paroxysmal discharge [19] . These findings suggest that Ih channels are present in the hippocampus of Mongolian gerbils.
Ih channels and epileptogenesis
The available evidence indicates that Ih channels are associated with epileptogenesis, although the role of Ih in epilepsy remains controversial. Poolos has reviewed the dual (Yin and Yang) characteristics of Ih channels [34] . The Yin (=inhibitory) aspects include upregulation of Ih by antiepileptic drugs, which suggests that Ih exerts a fundamentally anti-convulsant effect [33, 41] . In a recent study using genetically modified mice in which HCN2 had been deleted, the mice exhibited spontaneous absence seizures, suggesting that the absence of HCN2 is strongly proconvulsive [24] . Profound loss of interneuronal and principal cell populations and consequent reduced inhibition may induce a compensatory increase in HCN1 mRNA and protein expression [2] . The Yang (=excitatory) aspects include blockade of Ih channels by CsCl or ZD7288, which has been found to raise the afterdischarge threshold in an in vivo model of stimulus-evoked seizures [19] . It has been reported that blockade of Ih by ZD7288 in vitro did not produce epileptiform discharges [43] .
These dual aspects of the role of Ih in epileptogenesis have also been examined in more recent studies. It has been reported that impaired neocortical Ih is associated with increased excitability and absence epilepsy in rats [40] , and that inherited lack of cortical HCN1 amplifies dendritic calcium electrogenesis and burst firing in a rat absence epilepsy model [20] . In contrast, other studies have indicated that inhibition of Ih by ZD7288 or capsazepine (capsazepine inhibits Ih with a potency similar to that of ZD7288) reduces epileptiform activity in rat hippocampal slices [10] , and that ZD7288 decreases epileptiform hyperexcitability in the rat neocortex by depressing synaptic transmission [11] .
We previously demonstrated that CsCl and ZD7288 increased the threshold of electrically induced paroxysmal discharge in the rabbit hippocampus CA1 region [19] . In the present study, oral administration of CsCl or ZD7288 to Mongolian gerbils decreased not only the frequency but also the severity of their inherited epilepsy. Administration of 0.1 mM ZD7288 was more effective than administration of 10 mM CsCl. Simply summarized, the present findings are consistent with the Yang (=excitatory) aspect of Ih channels. However, the integrative roles of Ih in modulation of epileptic activity are complex, and the complexity will increase as more is learned about the physiological functions of individual HCN isoforms. Further systemic studies of the hippocampus of Mongolian gerbils, using specific blockers for each HCN isoform and specific knockout models for each HCN isoform, are needed to clarify the contribution of Ih to epileptogenesis.
